Red squirrels (Tamiasciurus) are hypothesized to be coevolving with pinecones (Pinus), whereby squirrel seed predation selects upon cone serotiny and seed number, which in turn select upon squirrel size and strength. I tested the hypothesis that cone morphology produces phenotypic size differentiation in red squirrels (T. hudsonicus). I measured body mass, hind-foot length, and jaw width of squirrels among spruce (smaller soft cones), lodgepole pine (larger serotinous cones), and mixed conifer (both cone types) habitats while controlling for variability in geographic isolation and latitude. I found identical average values among habitats for all body measurements: larger squirrels were not associated with larger tougher cones. Geographic isolation or a latitudinal gradient appear necessary to promote size differentiation in red squirrels, but how these factors interact with habitat (cone morphology) remains to be documented. As such, whether squirrels and pinecones actually are coevolving largely remains speculation.
More than 35 years ago Smith (1970) hypothesized coevolution between red squirrels (Tamiasciurus) and lodgepole pine (Pinus contortus). He noted a size difference between T. hudsonicus to the east and T. douglasii to the west of the Cascade Mountains of southern British Columbia, Canada, and related this to conifer cone type: physically hard lodgepole pinecones to the east (an adaptation of pine to increased fire frequency in dry rain-shadow areas), and physically soft Douglas-fir (Pseudotsuga menziesii) cones in moist areas to the west. He hypothesized that squirrel foraging in pine habitat selected for stronger, tougher (serotinous) pinecones with fewer seeds (also see Benkman et al. 1984; Elliot 1974; Linhart 1978) , which in turn selected for larger squirrels with stronger jaws better able to optimally exploit this food resource. Subsequently, exploring just within T. douglasii, Lindsay (1986) observed similar relationships of larger squirrels associated with pine (P. contorta and P. ponderosa) habitat versus those found in any of redwood (Sequoia sempervirens), fir (Abies amabilis), Douglas-fir, hemlock (Tsuga), or spruce (Picea) habitat, with all the latter having smaller, softer cones relative to pine. Thus, coevolution is hypothesized to proceed whereby pinecone morphology responds to squirrel predation via increased cone serotiny and fewer smaller seeds, and squirrels respond via body size differentiation to better utilize cones.
Correlative evidence to support this hypothesis has accumulated, but only convincingly for the effect of squirrels on cone morphology and not the inverse. Correlations over large spatial extents have found links between the frequency of pinecone serotiny, fire frequency, and the presence or absence of red squirrel populations in the United States and Canada (Benkman and Seipielski 2004) , but interestingly in the opposite direction as predicted by Smith (1970) . In areas with red squirrel populations, pinecones show decreased levels of serotiny, an adaptation effectively reducing multiyear seed accumulations available for efficient cone consumption by squirrels (Benkman and Seipielski 2004; Mezquida and Benkman 2005) . However, the effect of cone morphology on squirrel size is less apparent, thus far only examined amid confounding effects of intersite latitudinal variation, and variability in geographic isolation. Consequently, alternate explanations exist for differences in the size of squirrels other than what Smith (1970) and Lindsay (1986) attributed to cone morphology per se in an apparent habitat-specific arms race between squirrels and conifers.
Studies examining habitat-specific squirrel size have not accounted for variability in latitude or geographic isolation. Initial comparisons by Smith (1970) were from resident squirrel populations from either side of the Cascade Mountains, comparing 2 different squirrel species resident within 2 different habitats from 2 geographically isolated populations. Similarly, Lindsay (1986) found significant relationships between cone morphology and squirrel size in T. douglasii, but compared squirrels from different habitats along a latitudinal gradient from southern British Columbia to central California, addressing latitude in his analyses, but not accounting for habitat-specific geographic isolation of populations, or the interaction of latitude with habitat. Currently, variability in squirrel size associated with latitude and the physical isolation of sampling areas confound the interpretation of habitat effects. It remains entirely plausible that differential squirrel size is explained alone by habitat, latitude, or population isolation, or by some interaction of these 3 effects. Addressing these effects alone or in concert would considerably strengthen Smith's (1970) hypothesis, but this remains to be done.
It is conceivable that reported differences in squirrel body size are not due to coevolution, but rather by habitat alone creating ontogenetic differences in squirrel size; a relatively easily tested alternate hypothesis. Conifer cone morphologies vary among tree species, from being relatively hard and large (e.g., Pinus) to soft and small (e.g., Picea-see Smith [1970:369, Life history traits of North American red squirrels should promote local habitat-specific phenotypic variability, whereby cone serotiny may engender a squirrel phenotype capable by all individuals, but found associated only amidst local cone serotiny. Western populations of Tamiasciurus in North America are most common in conifer forests (Picea, Pinus, and Abies) where they are highly territorial defending a central cone cache (midden). As such, individuals maintain spatially consistent life-long territories and, in the event of movement (e.g., spring shuffle, sensu Rusch and Reeder [1978] and Wheatley et al. [2002] ) natal and breeding dispersal distances are minimal (Larsen and Boutin 1994) , so individuals generally spend their entire lives in their natal habitat. Thus, if squirrels born into pine habitat require larger muscle mass to efficiently exploit tougher pinecones, and the adaptive pressure is sufficient, cone serotiny could promote habitat-specific ontogenetic differentiation in squirrel size. If so, this is a phenotypic response as opposed to the hypothesized directional genetic selection, and it should be evident even over relatively small spatial extents in areas with multiple conifer habitats.
While controlling for both latitude and geographic isolation among sampling sites, I herein focus on habitat type per se generating a phenotypic response in squirrel body size. In the same geographic area, I compared squirrel morphology from nonisolated populations among 3 conifer habitats characteristic of 3 levels of cone serotiny: lodgepole pine (serotinous), white spruce (nonserotinous), and mixed conifer (both cone types). I explored whether size differences in red squirrels among habitats is an ontogenetic phenomenon requiring only cone serotiny, and not either geographic isolation (e.g., a ''coevolutionary hotspot''- Thompson and Cunningham 2002) , or a latitudinal gradient suggestive of Bergmann's ecogeographic rule (McNab 1971) . If ontogenetically based, I predicted differences in average squirrel size between spruce (smaller squirrels), lodgepole pine (larger squirrels), and mixed conifer habitats (intermediate-sized squirrels).
MATERIALS AND METHODS
I sampled in the foothills of west-central Alberta, Canada, within 40 km of the town of Hinton (538N, 1178W). This region contains large continuous areas of different conifer habitat suitable to test habitat-related differentiation in body size. The study region consisted of foothills running northwest to southeast along the Rocky Mountain eastern slopes. Topography was moderate to steep with elevation ranging from 1,200 to 1,600 m. Coniferous forest 80-120 years old (P. contorta, Picea glauca, Picea mariana, and Abies) covered roughly 70% of the area with smaller proportions of both younger and older stands, of both fire and logging origin, dispersed throughout. Within the study area, large patches of mature lodgepole pine (P. contorta), white spruce (Picea glauca), and mixed lodgepole pine-white spruce (hereafter referred to as mixed conifer) could be found. I chose these 3 habitat types for study based on their similarity to habitats sampled elsewhere regarding the relationships between squirrel size and conifer cones (Barnett 1977; Lindsay 1986; Smith 1970) .
I established 11 livetrapping grids; 4 trapping grids in lodgepole pine, 4 in white spruce, and 3 in mixed conifer habitat in areas of mature forest (80 to .100 years old). All grids were relatively isolated within continuous forest patches of a single habitat type: they were at least 5 km apart, and were not adjacent to contrasting habitats. The 4 lodgepole pine grids consisted of at least 80% pine (canopy tree pine composition X ¼ 89% 6 3.1 SE), white spruce grids consisted of at least 86% spruce (canopy tree white spruce composition X ¼ 94% 6 3.7%), and mixed conifer areas consisted of a roughly equal mix of white spruce and lodgepole pine. Ratios of spruce to pine in the 3 mixed conifer grids were 49:51, 59:41, and 58:42, with some deciduous species (Alnus and Betula) interspersed at low densities.
All sampling was performed in accordance with approved Institutional Animal Care Committee protocols under collection and research permits issued by the Government of the Province of Alberta, Canada, and using protocols reviewed and approved by the University of Alberta Animal Care Committee. Red squirrels were live-captured using Tomahawk live traps (model 201; Tomahawk Live Trap Co., Tomahawk, Wisconsin) baited with peanut butter and placed on middens and runways. Trapping occurred from 20 August to 10 September 1996 outside of the breeding season when body mass was least variable (i.e., females were not reproductive or pregnant) and all adult animals had reached a prewinter seasonal maximum in body mass. Trapping was blocked by habitat to avoid temporal bias in sampling. Captured squirrels were marked with metal, numbered ear tags (Monel Metal Eartag 1; National Band and Tag Co., Newport, Kentucky). I inserted colored plastic wire into the ear tags, using unique left-right color combinations to allow visual identification of individual squirrels without the use of livetrapping. I used binoculars to visually confirm habitat residency for individuals that were difficult to trap or trapped only once. Territorial vocalizations (rattle call-Lair 1990) were noted upon release of squirrels because calls indicated territory ownership and hence residency. Only territorial residents caught or observed over at least a 2-week period in the same area were included in the analyses, thereby eliminating any potential transients if present during sampling.
For each squirrel captured I recorded sex, body mass in grams, posterior zygomatic breadth (PZB, measured as jaw width Barnett 1977) , and hind-foot length (HFL). HFL is a common index of animal size in several vertebrate species: it does not show acute fluctuations with reproductive status (Iason 1990 ), reflects skeletal size (i.e., the structural size of an animal, mass or fat deposits or both notwithstanding -Wirsing 2003) , can indicate relatively acute changes in population body structure (e.g., Pergams and Ashley 1999) , and is an easily acquired metric correlated to many less-measurable body morphologies (Cote et al. 1998; Suttie and Mitchell 1983; Suzuki et al. 2001) . Body mass was recorded to the nearest 1 g using a Pesola spring scale (Pesola AG, Baar, Switzerland). Body mass was determined for each animal by using the mass at initial capture for individuals caught only once, and the lowest mass recorded for individuals caught multiple times in a trapping session. Young-of-the-year were identified by their body mass (,180 g) and by the timing of their appearance (Wheatley et al. 2002) and were excluded from this study. PZB and HFL were measured using dial calipers calibrated to the nearest 0.1 mm. Captured animals were handled using a soft mesh handling bag so that the calipers' jaws repeatedly could be fit underneath each squirrel's jaw to measure maximum width of muscle mass associated with PZB. The largest measurement of width along the posterior-to-anterior jaw line was used. To compare squirrel size among habitats, Smith (1970) calculated a ratio of temporal jaw muscle mass to body mass. For the purpose of direct comparison I calculated a similar ratio.
Statistical analyses.-To improve normality and reduce heteroscedasticity in the data, all dependent variables were log 10 transformed. Transformed data all were normally distributed and separate statistical tests were used to compare each of the 4 variables by sex among habitats. Body mass and the ratio of body mass to PZB were compared among habitats using a mixed-model nested analysis of variance (ANOVA). Fixed factors included habitat, sex, and the interaction of habitat by sex, and were tested against a random, nested factor of grid-withinhabitat. HFL and PZB were compared among habitats using a mixed-model nested analysis of covariance (ANCOVA). Fixed and random factors were the same as for the body mass ANOVA, except body mass was included as a covariate.
It is known that for North American red squirrels, males are larger than females, so I included both habitat and sex as main effects in the same analyses, making the factor of interest in all cases the interaction of habitat by sex. By including weight as a covariate, I was also able to assess within the same ANCOVA whether similar relationships exist between body mass and either PZB or HFL by sex among habitats. All analyses were completed in SAS version 8.02 (SAS Institute Inc., Cary, North Carolina) using Procedure GLM with proceeding TEST statements to calculate appropriate F-ratios regarding fixed and random factors. All alpha levels were set at 5%.
RESULTS
Body mass differed by sex but not by habitat. Body masses of males ranged from 180 to 260 g (Table 1 ). Males in pine and spruce habitats had identical mean body masses. Masses of males in mixed conifer habitat were on average 3 g greater than those in spruce and pine, but masses of males did not differ among habitat types (habitat by sex interaction for body mass; Table 2 ). Mean body masses of females ranged from 180 to 235 g. Average body masses of females were highest in spruce habitat and lowest in pine habitat, but differences among habitats were not statistically different. As expected, males were significantly heavier than females, but body mass by sex showed no association with habitat type.
Postzygomatic breadth was similar regardless of habitat or sex (Table 1) . PZB measurements of males ranged from 22.0 to 32.2 mm. On average males from spruce habitat had the largest PZB followed by those from mixed conifer and pine habitats, respectively. PZB of females ranged from 24.1 to 33.0 mm. On average females from spruce habitat had the smallest PZB, whereas those from pine and mixed habitats had average PZB approximately 0.7-0.9 mm larger than females from spruce habitat. As a covariate, body mass did not account for variation in either male or female PZB, and I found no differences among habitats by sex for PZB (habitat by sex interaction for PZB; Table 2 ). The overall ANCOVA model comparing PZB was not significant. Hind-foot length was similar regardless of sex or habitat. HFL of males ranged from 36.9 to 49.1 mm. No differences were noted among habitats for HFL of males (Table 1) . HFL of females ranged from 36.0 to 48.9 mm. Females in spruce had on average larger hind feet, followed by female squirrels in 2 6 1.9 1.37 6 0.14 pine and mixed conifer habitats, respectively, but no significant differences were detected among habitats in any main effect or interaction (Table 2 ). HFL appears unrelated to sex or habitat type for red squirrels. The mean ratio of PZB to body mass was different between sexes but not among habitats (Table 1) . Males showed an identical ratio among habitats with no notable habitat-related trend. Females in mixed conifer had a larger ratio than squirrels in either pine or spruce habitat. Significant differences were apparent between sexes (Table 2) but not with respect to the habitat by sex interaction. The ratio of PZB to body mass was related to squirrel sex, but was unrelated to habitat type.
The relationships between body mass and both PZB and HFL were not significantly different among habitats. Similar slopes and intercepts are found for each of these regressions (against body mass) by sex among habitat types (habitat by sex by weight, and habitat by sex interactions; Table 2 ). Body mass did not account for variability in HFL or PZB within or among habitats, and I did not find it to be predictive of HFL or PZB differently among habitats.
DISCUSSION
I measured body mass, HFL, and jaw width of live-captured red squirrels in white spruce, lodgepole pine, and mixed conifer habitats in the same area and found no differences among habitat types for all measurements. At a local geographical extent, larger squirrels are not associated with larger cones.
Reported differences in squirrel size do not appear to be ontogenetic in nature. Either geographic isolation or a latitudinal gradient appear necessary to promote previously reported differences in squirrel size (Lindsay 1986; Smith 1970) , but whether these interact with cone morphology to further promote size differentiation remains to be explored.
If an ontogenetic mechanism was affecting habitat-related body size, one should expect measurable effects even at local spatial extents. Behavioral evidence suggests that interhabitat movements of red squirrels are minimized by juvenile philopatry and adult territoriality. Individuals are territorial and occupy and defend the same area most of their lives. Juveniles are relatively philopatric, with dispersal distances averaging approximately 87 m (Larsen and Boutin 1994) , or about 1.5-2 territory widths depending on habitat. Some individuals periodically move including bequeathing females (although this does not imply adult emigration from an area or habitat-Berteaux and Boutin 2000; see Boutin et al. 2000) or individuals forming the spring shuffle (Rusch and Reeder 1978; Wheatley et al. 2002) , but generally populations are stationary and individuals spend their entire lives in their natal habitat. In fact, bequeathal often is preceded by anticipatory territory acquisition on behalf of the mother (anticipatory parental care- Boutin et al. 2000) further promoting short-distance juvenile dispersal where parent and offspring become neighbors. Individual red squirrels on average are subjected to the same cone type for their entire life. If ontogenetic mechanisms influenced body size, then such differentiation should be apparent among different cone types in the same general area, and arguably irrespective of among-habitat juvenile dispersal (i.e., phenotypic versus genotypic expression). The Hinton area contains continuous areas of multiple conifer types all with established red squirrel populations, yet no habitat-related differences in body size were observed. However, the effect of Tamiasciurus on the frequency of pinecone serotiny and seed number is somewhat clearer (Benkman et al. 1984; Benkman and Seipielski 2004; Elliot 1974; Mezquida and Benkman 2005) . Most recently, Benkman and Seipielski (2004) examined the frequency of serotiny in North American pine forests with or without resident red squirrel populations. They contend serotiny should prevail only in forests with frequent fires and no predispersal seed predators (i.e., red squirrels), and that retention of annual seed banks via serotiny is not adaptive if seed predation is high (e.g., .50%) or fire intervals too long. With data both from North America (T. hudsonicus- Benkman and Seipielski 2004) and Europe (Sciurus vulgaris-Mezquida and Benkman 2005), they found support for these ideas, whereby the frequency of serotiny in forests without squirrels was indeed higher than with squirrels. Seipielski (2004:2086) argue that pine squirrels not only affect the structural evolution of cones, but also select against serotiny and, thus, tend to limit the escalation of the coevolutionary arms race. A selective pressure of squirrels upon pinecones has been demonstrated, but represents only 1 direction of a hypothesized 2-way coevolutionary process. The selective pressure of cones upon squirrels, while accounting for isolation, latitude, and cone type, has yet to be demonstrated.
Evidence supporting the effect of cone morphology upon squirrels is rather conflicting. Habitat-related differences in squirrel body masses have been noted both in Eurasian (Wauters and Dhondt 1989) and North American (Boutin and Larsen 1993; Rusch and Reeder 1978 ) red squirrels but not as one would predict based on the research of Smith (1970) and Lindsay (1986) . For instance, Rusch and Reeder (1978) found larger squirrels in white spruce habitat relative to pine habitat and attributed this to resource quality; spruce cones have higher caloric seed content requiring less handling time than pine, and thus support larger squirrels. Likewise, Boutin and Larsen (1993) report heavier squirrels in spruce habitat relative to pine habitat (Pinus banksiana), a difference of approximately 35-40 g for both males and females, but larger squirrels from spruce habitat were sampled further north (Yukon) than squirrels from pine habitat (Alberta), suggesting a latitudinal effect. In contrast, Smith (1970) found heavier squirrels in pine habitat (T. hudsonicus X ¼ 243.9 g) versus those caught within other conifer habitats (T. hudsonicus X ¼ 229.0 g; T. douglasii X ¼ 209.9 g), and Lindsay (1986) found a similar multivariate result for T. douglasii; larger squirrels associated with larger, tougher cones (also see Goheen et al. [2003] for similar results in nutproducing forests). Published literature presents mixed results regarding squirrel size and cone serotiny. Squirrel size could be related both to caloric content of cones (e.g., Rusch and Reeder 1978) and geographic isolation (e.g., Smith 1970) or associated latitude (e.g., Boutin and Larsen 1993) . Cones with more calories and less handling time could support larger squirrels, larger squirrels generally could be found further north, or size differentiation might only occur in geographically isolated areas and be completely unrelated to habitat type. Smith's (1970) hypothesis remains largely untested regarding the effect of serotiny on squirrel size.
If this phenomenon has a genetic basis in squirrels, differences in size likely would not occur over local extents, particularly in heterogeneous landscapes. Interpatch movement of squirrels, even if relatively infrequent, would swamp selection pressures as individuals utilized other habitat types in a form of landscape complementation as the relative importance of habitats changed over time, processes that have been demonstrated to various extents for red squirrel populations in Alberta (Fisher et al. 2005; Wheatley et al. 2002) . To further explore Smith's (1970) hypothesis, I propose the next requirement is to sample squirrel morphology in pine habitat only, along a latitudinal gradient from northern Canada to central United States, effectively addressing latitude per se. Herein I have shown that cone morphology does not engender ontogenetic effects on squirrel size but, as stated above, this represents only one of several alternate explanations; much work remains to be done regarding Smith's (1970) hypothesis. It will not be possible to resolve the question of whether squirrels and pinecones are actually coevolving until the abovementioned interaction effects are addressed together or in isolation.
